1. Introduction {#sec1}
===============

Cardiovascular diseases remain the leading cause of death worldwide \[[@bib1]\]. Despite available surgical interventions such as balloon angioplasty and implantation of drug-eluting stents to treat occluded blood vessels, restenosis remains a primary impediment to the long-term efficacy of these interventions. Restenosis is the re-narrowing of vessels following revascularization interventions and results due to arterial damage and the subsequent cascade of aberrant signaling leading to intimal hyperplasia (IH) \[[@bib2]\]. IH is a complex process involving smooth muscle cell (SMC) migration and proliferation and is the primary contributor to restenosis. In response to vascular injury, medial SMCs undergo a phenotypic switch from a quiescent, differentiated state to a synthetic, dedifferentiated status associated with a proliferative and migratory phenotype \[[@bib3]\]. These changes result in a thickened, highly cellular neointima that ultimately leads to the re-narrowing of the vessel lumen \[[@bib4], [@bib5], [@bib6]\].

FOXM1 is a member of the forkhead box protein family, which consists of a large family of transcription factors with a conserved winged helix/forkhead DNA binding domain and are crucial during development and in adult tissue homeostasis \[[@bib7], [@bib8]\]. Best studied in cancer biology, FOXM1 is considered a proliferation-associated transcription factor. It has been shown to promote cell cycle entry and proliferation via regulation of genes controlling G1/S transition, S-phase progression, G2/M transition, and proper mitotic execution \[[@bib9]\]. Furthermore, FOXM1 has been shown to play a role in a variety of biological processes, including proliferation, migration, invasion, and inflammation, and has been shown to be aberrantly upregulated in the vast majority of cancers \[[@bib10]\]. Loss of FOXM1 has been associated with numerous mitotic defects, including chromosome amplification, multipolar spindles, and misaligned chromosomes. These abnormalities often lead to senescence or mitotic catastrophe, which ultimately induces apoptosis \[[@bib11], [@bib12], [@bib13]\].

Deregulation of the cell cycle is the basis of uncontrolled proliferation. As a corollary, recent studies have focused on the role of FOXM1 in SMC pathology in pulmonary hypertension, where vascular remodeling due to SMC proliferation is noted \[[@bib14], [@bib15]\]. Additionally, it was previously reported that inhibition of FOXM1 in cultured SMCs leads to G2/M arrest and decreased proliferation. Furthermore, smooth muscle-specific knockout of FOXM1 increased apoptosis in newborn mice \[[@bib16]\].

Although these studies provide compelling evidence of the importance of FOXM1 in SMCs during development and disease, the role of this transcription factor in vascular injury induced by endovascular treatments such as balloon angioplasty has not been explored. In the present study, we used the rat carotid balloon injury model to identify the expression pattern of FOXM1 in the carotid wall. Furthermore, we targeted FOXM1 using specific inhibitors to elucidate the consequence of FOXM1 inhibition in vascular smooth muscle cells as well as in the balloon injury model. Our results demonstrated that FOXM1 expression is upregulated in injured vessels in a transient manner in both SMCs and endothelial cells. Our data also showed that inhibition of FOXM1 in SMCs results in apoptosis and is associated with perturbed survival signaling. Lastly, we found that FOXM1 inhibition *in vivo* by thiostrepton attenuated intimal thickening following balloon injury.

2. Materials and methods {#sec2}
========================

2.1. Human carotid plaque tissue {#sec2.1}
--------------------------------

Arterial tissues were obtained from 2 patients who had undergone open surgery at the University of Wisconsin Hospital for stenosis. Patients had no known connective tissue disorder, aortic dissection, or infection. Written informed consent was obtained from all patients prior to their participation. The study was performed under the protocol approved by the Institutional Review Committee at the University of Wisconsin-Madison (IRB No. 2011-0692) and conformed to the ethical guidelines of the Office of Research Compliance and Human Research Protection Program.

2.2. Rat carotid balloon injury {#sec2.2}
-------------------------------

Male Sprague-Dawley rats 9--12 weeks old (\~280--350g) underwent balloon injury of the left common carotid artery as described previously \[[@bib17]\]. Briefly, following anesthetization, the left common, external, and internal carotid arteries were exposed and dissected. The external carotid was ligated and a small incision was made to insert a 2F catheter. The catheter was passed beyond the bifurcation into the common carotid artery, inflated to 2 ppm, retracted to the insertion point and then deflated. This process was repeated 3 times before ligating the external carotid and closing the incision. Rats were sacrificed at 3, 7, 14, and 28 days post-injury via perfusion fixation with 4% paraformaldehyde delivered by injection through the left ventricle using a syringe. Contralateral sides were used as uninjured controls. Unless stated otherwise, at least 3 animals were used for each group. All animal experiments were performed under protocols approved by the Institutional Animal Care and Use Committee (Protocol M005894) and Institutional Biosafety Committee (Protocol ID: B00000053) at the University of Wisconsin-Madison. All experiments were conducted according to the ethical guidelines of the Research Animal Resources and Compliance Guide for the Care and Use of Laboratory Animals.

2.3. Reagents {#sec2.3}
-------------

Thiostrepton was purchased from Millipore Sigma (598226) and was reconstituted in DMSO at a stock concentration of 1 mM and used at concentrations ranging from 0.5 μM to 1.5 μM. FDI-6 was purchased from Millipore Sigma (SML1392) and was reconstituted in DMSO at a stock concentration of 5 mM and was used at concentrations ranging from 2.5 μM to 10 μM. Z-VAD-FMK was purchased from Bachem (N-1510) and was reconstituted in DMSO.

2.4. Morphometric analysis and immunohistochemistry {#sec2.4}
---------------------------------------------------

After 3, 7, 14, or 28 days post-surgery rats were anesthetized and carotid arteries were fixed by perfusion with 4% paraformaldehyde via syringe injection. After immersion fixation overnight, the arteries were cut into 3 pieces and embedded into paraffin blocks so that each cut piece would be exposed to the microtome blade and analyzed together to account for variation in injury across the entire vessel area. The arteries were then sectioned into 5 μm sections and mounted onto 8 slides. Three slides (slide \#1, \#4, and \#8) were stained with hematoxylin-eosin. The cross-sectional areas of the arterial wall, including the lumen area, intimal area, and medial area, were quantified by using NIH Image J program and the intima-to-media (I/M) ratios were calculated for immunofluorescent staining, slides were permeabilized with 0.1% Triton X-100 and underwent heat-induced antigen retrieval (Citrate buffer pH 6.0 or Tris-EDTA pH 9). Staining was performed using anti-FOXM1 from Santa Cruz (sc-500; 1:100) for the main figures and AVIVA (ARP39518_P050; 1:75) for supplemental figures, anti-PCNA from Santa Cruz (sc-56; 1:100), anti-CD31 from R&D Systems (AF3628; 1:250), or no primary controls and slides were incubated overnight at 4 °C. Slides were then washed 3x with PBS and incubated in Alexa Fluor (Thermo Scientific) secondary antibodies at a concentration of 1:200 for 1h at room temperature. Injured sections were imaged using the same settings as their respective uninjured controls; images of each time point were taken separately. Any adjustments to brightness were kept consistent between control and injured sets.

2.5. Thiostrepton intraperitoneal injection {#sec2.5}
-------------------------------------------

Thiostrepton was dissolved in DMSO at a concentration of 25 mg/ml (15.0159 mM), aliquoted, and stored at -20 °C. Aliquots were thawed only once on the day of injection. Rats were weighed daily and thiostrepton or DMSO was diluted in PBS to adjust for a 15 mg/kg injection. On the day of surgery, rats were injected at the start of surgery (approximately 1 h prior reestablishing blood flow in the injured carotid arteries). Rats were then weighed and injected with 15 mg/kg thiostrepton or equivalent DMSO once daily for the duration of the experiment.

2.6. Cell culture {#sec2.6}
-----------------

Rat A-10 cells were purchased from ATCC (ATCC CRL-1476) and used at passages 20--30. Cells were maintained at 37 °C with 5% CO2 in Dulbecco\'s Modified Eagle\'s Medium (DMEM) modified to contain 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium bicarbonate (ATCC 30--2002) supplemented with 10% FBS from Gibco BRL Life Technologies (Carlsbad, CA), 100 U/mL penicillin, and 100 U/mL streptomycin. For experiments, primary rat aortic SMCs were isolated according to a previously described method \[[@bib18]\]. Primary cells were maintained at 37 °C with 5% CO2 in DMEM purchased from Thermo Scientific (11054020) supplemented with 10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin. Primary cells were used at passages 3--6.

2.7. siRNA transfection {#sec2.7}
-----------------------

A-10 cells were seeded at 52,000 cells per well in a 6 well plate and allowed to attach for 16--24h. siRNA was complexed with Lipofectamine RNAi max (Thermo Fisher Scientific, Rockford, IL) 10 min prior to adding to cells. For complexation with RNAi max: in one vial, 10nM siRNA or scramble control was diluted in Optimem (100 μL), and in another vial, 4 μL of RNAi max was diluted in Optimem (100 μL). The Lipofectamine RNAi max solution was added to the siRNA solution and mixed by pipetting. The siRNA/liposome complexes were incubated at room temperature for 10 min then added to the 2mL of complete growth medium in the wells. Cells were incubated with the mixture for 4 h then replaced with fresh medium. As a control, one well of cells included transfection reagent only without siRNA (indicated as sham). Cells were incubated for 48 h before collection for analysis. Rat FOXM1 siRNA duplexes were purchased from Origene (SR503608). The following specific siRNA sequences used were and compared against a scramble control (product No. SR30004):

SiFOXM1(1): GCUAGCACAAGAACACUACUGUAAC (exon 6/7)

SiFOXM1(2): ACAUUGGACCAAGUGUUUAAGCCAC (exon 8)

SiFOXM1(3): ACAGCAGAAACGACCCAAUCCUGAG (exon 9)

2.8. Quantitative real-time PCR (qRT-PCR) {#sec2.8}
-----------------------------------------

Total RNA was extracted from cultured cells using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA). 750 ng-1 μg of RNA was used for the first-strand cDNA synthesis (Applied Biosystems, Carlsbad, CA). A no-RT (reverse transcriptase) control was included in the same PCR mixtures without reverse transcriptase to confirm the absence of DNA contamination in RNA samples. qPCR primers for FOXM1 and GAPDH were as follows:

Rat FOXM1: Fwd-GGACCATTCACCCAAGTGCT; Rev-CGCCTAGTGGGAGTTCAGTT

Rat GAPDH: Fwd-AGACAGCCGCATCTTCTTGT; Rev-CTTGCCGTGGGTAGAGTCAT

Duplicate of 20 μl reactions were carried out in 96-well optical reaction plates using SYBR® Green PCR Master Mix (Applied Biosystems, Carlsbad, CA) with gene-specific primers and the qPCR was run in the 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA). Amplification of each sample was analyzed by melting curve analysis, relative differences in each PCR sample were corrected using GAPDH mRNA as an endogenous control and normalized to the level of control by using the 2-ΔΔCt method.

2.9. Immunoblotting {#sec2.9}
-------------------

When samples were collected for detection of cell death, cells were harvested by trypsinization and centrifugation (including floating cells). For all other protein detection, samples were harvested by direct lysis in the dish. Cells were lysed with RIPA buffer (Sigma-Aldrich, St. Louis, MO) containing Halt Cocktail with phosphatase and protease inhibitors (Thermo Scientific, Rockford, IL). Protein concentration was determined by Bio- Rad DC Protein Assay kit (Hercules, CA). Equal amounts of protein (15-20ug) were loaded onto SDS-PAGE gels. After separation, samples were transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA). Membranes were blocked in 5% skim milk with TBS-T for 1 h at room temperature followed by incubation in primary antibodies overnight at 4 °C. Protein levels were assessed using the following primary antibodies: FOXM1 1:1000 (Santa Cruz sc-500 and sc-271746), cyclin A 1:250 (Santa Cruz sc-596), survivin (Santa Cruz sc-17779), phospho-AKT ser 473 1:2000 (CST 4060), total AKT 1:2000 (CST 4691), β-catenin 1:250 (Santa Cruz sc-7963), non-phospho active β-catenin 1:1000 (CST 8814S), beta-actin 1:8000, and GAPDH 1:8000. Of note, sc-500 and sc-271746 recognize all isoforms of FOXM1, which often appears as multiple bands at approximately 100--110kDa. Membranes were washed 3x in TBS then incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibodies. Membranes were visualized using the Clarity Western ECL Substrate system (Bio-Rad, Hercules, CA) or SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific, Rockford, IL) and imaged using a FujiFilm Image-Quant LAS-4000 imager. Image Studio Lite Ver 5.2 was used to quantify western blots. For FOXM1, when multiple bands appeared, the density was measure cumulatively for all bands.

2.10. Thymidine synchronization {#sec2.10}
-------------------------------

In order to synchronize A-10 cells, we utilized a previously published protocol detailing this methodology in A-10 cells \[19; Harper, J.V. Chapter 10\]. Briefly, to block cells at the G1/S border, A-10 cells were cultured in complete medium containing 2 mM thymidine for 12h (first thymidine block). Cells were washed 3x with PBS, and medium was replaced with complete medium for 12h. Medium was then replaced with medium containing 2 mM thymidine for an additional 12h (second thymidine block). Following the second thymidine block, cells were washed 3 times with PBS and released into complete growth medium for indicated time points and cells were collected for protein.

2.11. Cell titer glo assay {#sec2.11}
--------------------------

The CellTiter-Glo® Luminescent Cell Viability Assay was obtained from Promega. Cells were seeded 2,000 cells per well on a 96-well plate and allowed to attach for 16--24h. The next day cells were treated with concentrations of FDI-6 ranging from 2-10 μM for 24h. Cell titer glo reagents were added according the manufacture\'s protocol. Absorbance was measured using the Flexstation 3 (Molecular Devices, LLC., San Jose, CA). At least 4 well per condition were measured.

2.12. Flow cytometry analysis {#sec2.12}
-----------------------------

Cell death was evaluated by flow cytometry using an Annexin V-PE/7-AAD staining Kit (BD Biosciences, San Jose, CA). Medium containing floating cells was moved to 15 ml conical tubes. Cell culture dishes were washed with PBS and trypsinized at 37 °C. The detached cells were combined with the floating cells and collected by centrifugation (1500 rpm for 5 min). Cell pellets were further washed twice with ice-cold PBS and resuspended in 100 μl binding buffer from the Annexin V-PE/7-AAD staining kit. 5 μl of PE Annexin-V and 5 μl of 7-AAD were added to the cells and incubated at room temperature for 15 min. After incubation, 400 μl binding buffer was added to each sample. Cells were analyzed using a Becton Dickinson Biosciences FACSCalibur (BD Biosciences, San Jose, CA).

2.13. Statistical analysis {#sec2.13}
--------------------------

Data are presented as mean ± SEM when n = 3 or more. Datasets containing n = 2 show standard deviation of technical or biological replicates. One-way ANOVA with Fisher\'s Least Significant Difference post-hoc test was used to compare 3 or more means. Comparisons between vehicle and drug applications *in vivo* were made using a non- paired Student\'s t-test. Statistical analyses were performed using GraphPad Prism 8. Differences with *P* \< 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. Vascular injury triggers arterial expression of FOXM1 {#sec3.1}
----------------------------------------------------------

To investigate the role of FOXM1 in the development of IH following vascular injury, we subjected adult rats to carotid balloon injury. The formation of neointima was observed by day 7 and increased through day 14 and 28 post-injury (Supplemental Figure S1). Immunohistochemical analysis showed comparable FOXM1 accumulation in injured and control arteries at day 3 post-injury ([Figure 1](#fig1){ref-type="fig"}A). However, there was a clear elevation of FOXM1 at day 7 within the neointima of injured arteries ([Figure 1](#fig1){ref-type="fig"}B). Augmented FOXM1 was still detectable at day 14 and 28 ([Figure 1](#fig1){ref-type="fig"}C, D, respectively); however, cells expressing FOXM1 were primarily localized in the intima layer most proximal to the lumen at these time points.Figure 1Vascular injury triggers FOXM1 arterial expression. Expression of FOXM1 in carotid arteries from uninjured or balloon-injured rats. Representative photographs of immunohistochemistry analysis for FOXM1 (red) and DAPI (blue) are shown for (A) day 3, (B) day 7, (C) day 14, (D) and day 28. Scale bars 50 μm. (E) Immunohistochemistry for FOXM1 (red), and DAPI was performed on human carotid plaque sections. Scale bars 100 μm and 20 μm. L indicates lumen. White arrows demarcate neointima. Santa Cruz sc-500 anti-FOXM1 antibody was used for staining.Figure 1

To further establish the clinical relevance of FOXM1 in arterial injury, we obtained two carotid plaque samples from patients who had undergone open surgery for stenosis. Immunohistochemical analysis revealed FOXM1 expression was present in the vascular wall and was primarily localized to the cytoplasm of cells ([Figure 1](#fig1){ref-type="fig"}E). The specificity of FOXM1 staining in balloon-injured and patient-derived arteries was confirmed using an alternative FOXM1 antibody (Supplemental Figure S2). Taken together, these findings suggest a role for FOXM1 in the development of IH as well as in human atherosclerotic plaques where SMCs have previously been shown to undergo pathological transition.

3.2. FOXM1 is expressed in smooth muscle cells and endothelial cells in balloon-injured arteries {#sec3.2}
------------------------------------------------------------------------------------------------

We sought to identify which cell types express FOXM1 in the injured vessel wall. Given that neointima formation is primarily an SMC pathology and our findings that FOXM1 was highly expressed in the neointima at day 7, we co-stained day 7 sections with FOXM1 and α-SMA, a vascular SMC marker. Results showed that most of the FOXM1 positive cells were also positive for α-SMA ([Figure 2](#fig2){ref-type="fig"}A).Figure 2FOXM1 is expressed in smooth muscle cells and endothelial cells in balloon-injured arteries. Representative immunofluorescent staining of balloon injured carotid arteries. (A) Confocal images of FOXM1 (red), alpha-smooth muscle actin (SMA) (green), and DAPI (blue) co-stain on day 7 injured sections. (B) Immunofluorescent images of FOXM1 (red), CD31 (green), and DAPI (blue) co-stain on day 14 injured sections. (C) Immunofluorescent images of FOXM1 (red), CD31 (green), and DAPI (blue) co-stain on 28 day injured sections. Scale bars 25 μm. L indicates lumen.Figure 2

To determine whether FOXM1 is also expressed in endothelial cells, we assessed the presence of FOXM1 at day 14 and day 28 post-injury, times at which the injured artery may be re-endothelialized. CD31-positive cells in injured arteries displayed FOXM1 expression both at day 14 and day 28 ([Figure 2](#fig2){ref-type="fig"}B, C, respectively). FOXM1 was not detected in the intact endothelium from uninjured controls (data not shown). Taken together, our results show that FOXM1 is upregulated primarily in neointimal SMCs but also present in the re-endothelialized layer of the vessel following injury.

3.3. FOXM1 expression is elevated in proliferating smooth muscle cells in vivo and in vitro {#sec3.3}
-------------------------------------------------------------------------------------------

FOXM1 is characterized as a proliferation-associated transcription factor \[[@bib9], [@bib20]\]. Thus, we asked if FOXM1 expression corresponds with cell proliferation during the development of IH. Immunohistochemistry was performed to examine the expression of FOXM1 and proliferating cell nuclear antigen (PCNA), a marker of proliferation, 7 days after injury when cell proliferation is prominent. Our results revealed that FOXM1 and PCNA are co-expressed in the SMC-rich neointimal layer of injured rat carotid arteries ([Figure 3](#fig3){ref-type="fig"}A).Figure 3FOXM1 is elevated in proliferating smooth muscle cells in vivo and in vitro. Immunohistochemistry analysis for FOXM1 (red), PCNA (green), and DAPI (blue) was performed on injured carotid arteries. (A) Representative images for confocal microscopy on day 7 sections are shown. Representative images for fluorescent microscopy on (B) day 14 and (C) day 28 are shown. Scale bars 50 μm. The right panels are zoomed-in views of the areas outlined by white rectangles. (D) SMCs were made quiescent by serum deprivation for 48h then stimulated with 10% FBS for 18h. Representative western blots for FOXM1 are shown (n = 3 A-10 cells; n = 1 A7R5 cells; n = 2 primary rat aortic cells; n = 1 primary rat carotid cells). (E) A-10 cells were synchronized by double thymidine block then released into serum and collected at indicated time points. Representative western blot for FOXM1, cyclin A, and actin are shown (n = 2). Full non-adjusted images for western blots are shown in Supplementary Material.Figure 3

The high rates of SMC proliferation are transient and generally return to near basal levels by day 14 and beyond due, in part, to re-endothelialization. This was confirmed by immunohistochemistry on day 14 ([Figure 3](#fig3){ref-type="fig"}B) and day 28 ([Figure 3](#fig3){ref-type="fig"}C) samples, which showed lower expression levels of PCNA compared to day 7 and revealed that FOXM1 expression was primarily limited to PCNA positive cells at these time points and had a similar transient expression as PCNA.

To further examine the role of FOXM1 in SMCs, we analyzed the expression levels of FOXM1 *in vitro* using various sources of SMCs. To mimic the *in vivo* state of SMCs, we made cells quiescent by serum deprivation for 48h then stimulated cells with serum to re-enter the cell cycle and proliferate. We found that compared to quiescent cells, serum-stimulated A-10 (Supplemental Figure S3A), A7R5, primary rat aortic, and primary rat carotid cells expressed higher levels of FOXM1 ([Figure 3](#fig3){ref-type="fig"}D). We chose to conduct all following experiments in A-10 cells since they are characteristically similar to neointimal SMCs. We explored the cell cycle-dependent expression of FOXM1 by synchronizing SMCs at the G1/S boundary by double thymidine block followed by release into the cell cycle. Similar to other reports \[[@bib21], [@bib22]\], FOXM1 protein levels rose in a time-dependent manner following thymidine release and appeared to peak between 5- 7 h post-release ([Figure 3](#fig3){ref-type="fig"}E; Supplemental Figure S3B). This increase was accompanied by a similar transient expression pattern of cyclin A, which was previously shown to rise throughout the S phase in A-10 cells \[[@bib19]\]. Survivin, which peaks at the G2/M phase \[[@bib19]\], showed highest expression at 7--12 h post-release (Supplemental Figure S3B). Collectively, these data show that FOXM1 expression corresponds with the proliferative status of vascular SMCs.

3.4. FOXM1 inhibition in vascular SMCs triggers apoptosis {#sec3.4}
---------------------------------------------------------

To investigate the effects of FOXM1 inhibition in SMCs, we knocked down FOXM1 by RNA interference (RNAi). Efficient knockdown was confirmed by western blot ([Figure 4](#fig4){ref-type="fig"}A) and qRT-PCR ([Figure 4](#fig4){ref-type="fig"}B). Flow cytometry analysis for Annexin V and 7-AAD showed a significant increase in the apoptotic population in siRNA-treated cells compared to untreated or scramble controls ([Figure 4](#fig4){ref-type="fig"}C). Western blot analysis revealed high levels of cleaved caspase 3 in siRNA-treated cells compared to the scramble group ([Figure 4](#fig4){ref-type="fig"}D; Supplemental Figure S4A).Figure 4FOXM1 inhibition in vascular smooth muscle cells induces apoptosis. (A) Representative western blot (WB) analysis of FOXM1 protein levels after siRNA knockdown of FOXM1 for 48h. Three different siRNAs (1, 2, 3) targeting FOXM1 were used (n = 2 for siFOXM1(2); n = 3 siFOXM1(1) and (3)). All further experiments utilize siFOXM1(1). (B) qRT-PCR analysis for FOXM1 mRNA following siRNA knockdown of FOXM1 for 24h (left) or 48h (right) (n = 2). Data were normalized to GAPDH expression and are expressed as fold change of scramble control. (C) Flow cytometry analysis for Annexin V/7-AAD on cells that were untreated, transfected with scramble, or siFOXM1. Quantification is percent apoptotic cells (Annexin V positive) (n = 3) ∗P = 0.0194, ∗∗P = 0.0088. (D) Representative WB analysis and quantification for cleaved caspase 3 (CC3) levels after siRNA knockdown of FOXM1 for 48h. Expression normalized to the housekeeping protein and the scramble control was set to 1 (n = 3)+SEM ∗P = 0.0276. (E) Representative WB for FOXM1 levels. Cells were serum deprived for 24h, pre-treated with 1 μM thiostrepton for 1h, then serum was added for 18h (n = 3) (F) Flow cytometry analysis for Annexin V/7-AAD on cells that were untreated, treated with DMSO, or treated with 1 μM thiostrepton for 24h. Quantification is average percent apoptotic cells (n = 5) ∗∗∗∗P \< .0001. (G) Representative WB analysis for CC3 levels following 24h treatment with varying concentrations of thiostrepton (n = 3 for 1 μM and 1.5 μM). (H) Cell viability was measured by cell titer glo following treatment with FDI-6 at varying concentrations. Bar graph shows percent survival. Bars are SEM (n = 3). Treatment groups compared to cells only; ∗P = 0.0157, ∗∗∗∗P \< .0001. (I) Representative WB for CC3 levels following 24h treatment with 8 μM FDI-6 (n = 2). Full non-adjusted images for WBs are shown in Supplementary Material.Figure 4

Thiostrepton is a well-characterized FOXM1 inhibitor that has been shown to inhibit both FOXM1 expression and activity \[[@bib23], [@bib24], [@bib25]\]. Treatment with thiostrepton prior to serum stimulation led to a dose-dependent reduction in FOXM1 protein levels ([Figure 4](#fig4){ref-type="fig"}E; Supplemental Figure S4C). We also observed a significant increase in apoptosis in thiostrepton-treated cells compared to untreated or DMSO-treated cells ([Figure 4](#fig4){ref-type="fig"}F). In addition, pre-treatment with 80uM z-VAD-fmk, a pan-caspase inhibitor, abrogated cell death induced by thiostrepton treatment (data not shown). Cleaved caspase 3 was abundantly expressed following treatment with thiostrepton ([Figure 4](#fig4){ref-type="fig"}G; Supplemental Figure S4C).

Next, we examined the effect of the small molecule inhibitor FDI-6. Similar to thiostrepton, FDI-6 has been shown to be a selective antagonist of FOXM1 \[[@bib26]\]. Cell Titer Glo viability assay showed a dose-dependent decrease in cell survival in cells treated with FDI-6 ([Figure 4](#fig4){ref-type="fig"}H). Cleaved caspase 3 was also detected following treatment with FDI-6 ([Figure 4](#fig4){ref-type="fig"}I; Supplemental Figure S4D). In summary, these data provide strong evidence that inhibition of FOXM1 in SMCs leads to apoptosis.

3.5. Inhibition of FOXM1 perturbs survival signaling {#sec3.5}
----------------------------------------------------

To ascertain if the cell death response observed after FOXM1 inhibition was accompanied by corresponding changes in survival signaling pathways, we assessed protein levels of two survival proteins. PI3K/AKT and β-catenin signaling pathways are important regulators of SMC survival and proliferation following vascular injury \[[@bib27], [@bib28], [@bib29], [@bib30]\]. As shown in [Figure 5](#fig5){ref-type="fig"}A, PDGF activated AKT pathway as evidenced by AKT phosphorylation. Inhibition of FOXM1 via siRNA significantly ablated AKT activation in PDGF-stimulated SMCs. Accordingly, pre-treatment with thiostrepton reduced levels of PDGF-stimulated phospho-AKT compared to the DMSO control ([Figure 5](#fig5){ref-type="fig"}B).Figure 5Inhibition of FOXM1 perturbs survival signaling. (A) Representative western blot for phospho AKT (ser473) and total AKT from cell lysates of untreated, sham (transfection reagent), scramble siRNA, or siFOXM1-treated cells. Cells were transfected for 24h, followed by 24h starvation, then stimulated for 20m with 10 ng/ml PDGF (n = 2). (B) Representative western blots for phospho AKT and total AKT from cell lysates of cells that were serum starved for 24h, pre-treated with 1 μM thiostrepton for 1 or 2h then stimulated with 20 ng/ml PDGF for 20m (n = 2). (C) Representative western blot for β-catenin from cell lysates of cells that were treated with scramble or siFOXM(1) for 48h (n = 2). (D) Representative western blot for active β-catenin from cell lysates of cells that were treated with 1 μM or 1.5 μM thiostrepton fror 24h (n = 2). (E) Representative western blot for active β-catenin from cell lysates of cells that were treated with 8 μM FDI-6 for 24h (n = 2). Full non-adjusted images for western blots are shown in Supplementary Material.Figure 5

Concomitantly, we found that inhibition of FOXM1 via RNAi also decreased total levels of β-catenin ([Figure 5](#fig5){ref-type="fig"}C). A similar reduction in active β-catenin levels was also observed in cells treated with thiostrepton ([Figure 5](#fig5){ref-type="fig"}D) and FDI-6 ([Figure 5](#fig5){ref-type="fig"}E). Collectively, these data show that FOXM1 is critical for SMC survival.

3.6. Thiostrepton mitigates intimal thickening following balloon injury {#sec3.6}
-----------------------------------------------------------------------

Next, we assessed the effect of FOXM1 inhibition on the formation of intimal hyperplasia following balloon injury. Rats were administered 15 mg/kg thiostrepton daily for 14 days following balloon injury. Measurements of body weight showed a decrease in the weight of animals receiving thiostrepton (data not shown). However, animals appeared healthy otherwise. Carotid arteries were harvested at 2 weeks and subjected to immunohistochemical analysis. We observed neointima formation in both DMSO and thiostrepton-treated rats ([Figure 6](#fig6){ref-type="fig"}A).Figure 6Thiostrepton mitigates intimal thickening following balloon injury. (A) Representative hematoxylin and eosin sections of injured arteries 14 days after balloon injury. Top panel shows 4 DMSO-treated rats (a, b, c, d) and bottom panel shows 4 thiostrepton-treated rats (a, b, c, d). Total number was 7 DMSO-treated and 10 thiostrepton-treated rats. Scale bars 200 μm. (B) Average media area for each treatment group (DMSO: n = 7) (thiostrepton: n = 10). P = 0.3384. (C) Average intima area for each treatment group. P = .0075. (D) Average lumen area for each treatment group. P = 0.2657. (E) Average intima to media ratio for each treatment group. P = 0.3938. n.s.: not significant.Figure 6

Morphometric analysis of H&E sections revealed that thiostrepton, without significantly reducing the media ([Figure 6](#fig6){ref-type="fig"}B), significantly reduced the intima area compared to DMSO controls ([Figure 6](#fig6){ref-type="fig"}C). The lumen area showed a slight increase in thiostrepton-treated rats, although results were not statistically significant ([Figure 6](#fig6){ref-type="fig"}D). The intima to media ratio was not statistically different between thiostrepton and DMSO groups ([Figure 6](#fig6){ref-type="fig"}E). Taken together, our results indicate that thiostrepton has a moderate inhibitory effect on neointima formation.

4. Discussion {#sec4}
=============

In this study, we presented evidence of elevated FOXM1 in balloon-injured carotid arteries and in the vessel wall of human carotid plaque samples from patients who had undergone open surgery for stenosis. FOXM1 expression coincided with both α-smooth muscle cell actin (a smooth muscle cell marker) and CD31 (an endothelial cell marker) with the neointimal smooth muscle cells being the primary source of FOXM1 expression. In further histological examination, we found FOXM1 corresponded with the transient proliferation of neointimal smooth muscle cells following balloon injury. Western blotting corroborated this transient expression in cultured aortic smooth muscle cells that were either stimulated with serum or synchronized by double thymidine block. These studies suggested that FOXM1 might play a role in the proliferation of SMCs and, ultimately, the development of intimal hyperplasia following vascular injury. This notion is further supported by evidence of RNAi-mediated and chemical inhibition studies. Inhibition of FOXM1 led to SMC apoptosis and also antagonized PI3K/AKT and β-catenin survival pathways. More importantly, treatment with thiostrepton in the balloon injury model reduced intimal thickening. Taken together, these data suggest that FOXM1 may contribute to the injury-induced proliferation of SMCs and that targeting FOXM1 may ameliorate intimal hyperplasia.

FOXM1 is widely studied in developmental and cancer biology. It is characterized as a proliferation-associated transcription factor because its expression is limited to proliferating cells and extinguished in the majority of adult and differentiated cells \[[@bib31]\]. Numerous studies in the cancer field have implicated FOXM1 in regulating cellular proliferation, cell cycle activation, migration, and apoptosis resistance \[[@bib10], [@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37]\]. Many of these FOXM1-regulated biological processes that become abnormally activated in cancer cells are analogous to those in IH. For example, in a normal vessel wall, vascular SMC proliferation is scarcely detected; however, cell cycle activation and increased proliferation is observed in early atherogenesis, injured vessels, and in animal models of IH \[[@bib38], [@bib39]\]. Moreover, it has also been shown that FOXM1 plays an important role in SMC pathology in the context of pulmonary hypertension by contributing to the hyperproliferative and apoptotic-resistant phenotype of pulmonary artery SMCs \[[@bib40]\]. Despite this, FOXM1 has not been interrogated in surgery-induced IH or restenosis. In this study, we demonstrated that FOXM1 is highly expressed in injured arteries when SMC proliferation is abundant, but not at day 3 when apoptosis has been shown to be present. This raises the possibility that FOXM1 is upregulated to counteract early apoptosis and may be acting as a proliferation and survival factor. Furthermore, our results showed that while FOXM1 is detectable at basal levels in cultured SMCs that have been made quiescent (a condition used to mimic SMCs in a healthy vessel), stimulating cells to re-enter the cell cycle and proliferate greatly increases FOXM1 expression. These data suggest a role for FOXM1 in vascular smooth muscle cell pathology.

The data reported here are centered around the role of FOXM1 in vascular SMCs and how it might drive IH formation through regulation of SMC proliferation. However, the overall process of restenosis is complex. Impaired endothelial repair, platelet adhesion, infiltration of inflammatory cells, and overall vessel remodeling can all promote vessel narrowing. Regarding endothelial cells, it has been shown that preserving endothelial integrity and function aids in preventing restenosis after angioplasty \[[@bib41]\]. Intriguingly, we found that FOXM1 expression was expressed to a lesser extent in areas where re-endothelialization had occurred and high in denuded areas. We speculate this expression pattern is due to direct stimulation via factors in the blood. When endothelial cells have repaired, they form a barrier between the circulating blood and underlying SMCs, thus decreasing SMC exposure to mitogenic stimuli and FOXM1 expression. An alternative mechanism that may account for our observation is that endothelial cells, once repaired, suppress FOXM1 expression in SMCs. This paracrine crosstalk would be an interesting mechanism to explore considering the recent publication by Dai et al. \[[@bib15]\] where they show that ECs produce factors which stimulate SMC expression of FOXM1. Future studies are warranted to explore this possibility. Interestingly, we found that FOXM1 expression persisted at day 28 but was primarily localized to the regenerated endothelium, and to some extent, in the area directly adjacent to the endothelial cells. This raises the question of whether FOXM1 might be a candidate gene for overexpression studies in endothelial cells to promote endothelial repair. Furthermore, studies have shown that modulating FOXM1 expression can diminish the ability of endothelial cells to repair \[[@bib42]\]. In addition, FOXM1 also drives fibrogenesis through fibroblast proliferation \[[@bib43]\] and is also required for macrophage migration in pulmonary inflammation, and macrophage recruitment in liver repair \[[@bib43], [@bib44]\]. These studies highly suggest that FOXM1 is likely to promulgate multiple processes involved in restenosis through mechanisms in other cell types besides SMCs. In future studies, emphasis should be put on understanding the role of FOXM1 in all vascular cell types as well as contributing circulating cells.

Forkhead factors have been shown to interact, modulate, or be regulated by many signaling pathways involved in development and disease. Some key signaling pathways that involve forkhead factors include hedgehog, MAP kinase, TGFβ/Smad3, PI3K/AKT, Wnt/β-catenin, and insulin/IGF \[[@bib45], [@bib46], [@bib47]\]. These pathways have all been shown to contribute to SMC proliferation \[[@bib48]\]. Regarding FOXM1, it has been demonstrated that PI3K inhibition leads to reduced FOXM1b transcriptional activity and FOXM1 expression \[[@bib49], [@bib50]\]. Moreover, tumor cells expressing activated AKT1 were shown to be addicted to FOXM1 \[[@bib51]\]. FOXM1 has also been shown to activate PDGF-A and form a positive feedback loop in the PDGF/AKT signaling pathway \[[@bib52]\]. In line with this evidence supporting FOXM1 crosstalk with PI3K/AKT signaling, our results demonstrate that FOXM1 inhibition causes AKT signaling dysfunction in SMCs. With respect to Wnt/β-catenin and FOXM1, it has been shown that FOXM1 promotes β-catenin nuclear localization as well as transcriptionally regulates β-catenin \[[@bib53], [@bib54]\]. Additionally, WNT signaling stabilizes FOXM1 \[[@bib55]\]. Our data suggest FOXM1 may also interact with β-catenin in SMCs, evidenced by our results that FOXM1 inhibition reduces levels of both total β-catenin and active β-catenin. Future studies are needed to elucidate if FOXM1 directly interacts with β-catenin or exactly how FOXM1 modulates PI3K/AKT.

Recent evidence suggests thiostrepton treatment reduced vascular remodeling and decreased SMC proliferation in hypertensive rats \[[@bib15]\]. Additionally, targeting FOXM1 by thiostrepton has been shown to inhibit tumor growth via the reduced proliferation of Ewing\'s sarcoma cells \[[@bib56]\], as well as reduce breast and liver cancer xenografts likely through increased cell death \[[@bib57]\]. Notably, our in vivo results demonstrated a moderate decrease in intimal thickening in rats treated with thiostrepton compared to DMSO controls. However, the effectiveness of thiostrepton varied between individual rats. We suspect that poor solubility of thiostrepton may account for the variability in the efficacy of decreased intima formation, as this may lead to discrepancies in bioavailability.

Although we also observed drastic weight loss in thiostrepton-treated rats, the variability in weights could not be correlated with the degree of reduction in intimal thickening. This prompts us to consider both toxicity and delivery routes of thiostrepton for future studies. Others have encapsulated thiostrepton in micelles to overcome solubility issues \[[@bib57]\]. Alternative delivery methods such as pluronic gel or intraluminal delivery at the site of injury should also be considered. Lastly, considering that thiostrepton is a proteasome inhibitor, it is likely to affect other proteins and potentially the growth and function of various organs. Thiostrepton interacts with FOXM1 to prevent its binding to its downstream targets \[[@bib58]\] and does not target other FOXM1 members \[[@bib59]\]. However, this does not rule out the possibility that thiostrepton has off-target effects. It is possible that treatment with other FOXM1 inhibitors like FDI-6 will serve as better alternatives; however, to our knowledge, there are no known reports of using FDI-6 in vivo. Future studies will be required to assess the toxicity of FDI-6 and the bioavailability in animal models of restenosis. Rigorous efforts should be made to confirm the specificity of these FOXM1 inhibitors.

In conclusion, we have established a relation between FOXM1, the proliferation of SMCs, and the formation of intimal hyperplasia following balloon injury. The identification of FOXM1 in human atherosclerotic plaque suggests FOXM1 may also play a role in various vascular diseases. Our findings that thiostrepton reduces intimal thickening support the therapeutic potential of targeting FOXM1 in alleviating injury-induced IH.
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